Recent studies of internal transport and double transport barrier regimes in Alcator C-Mod [I. H. Hutchinson, et al., Phys. Plasmas 1, 1511] have explored the limits for forming, maintaining, and controlling these plasmas. C-Mod provides a unique platform for studying such discharges: the ions and electrons are tightly coupled by collisions and the plasma has no internal particle or momentum sources. The double-barrier mode comprised of an edge barrier with an internal transport barrier (ITB) can be induced at will using off-axis ion cyclotron range of frequency (ICRF) injection on either the low or high field side of the plasma with either of the available ICRF frequencies (70 or 80 MHz). When enhanced D α high confinement mode (EDA H-mode) is accessed in Ohmic plasmas, the double barrier ITB forms spontaneously if the Hmode is sustained for ~2 energy confinement times. The ITBs formed in both Ohmic and ICRF heated plasmas are quite similar regardless of the trigger method. They are characterized by strong central peaking of the electron density, and reduction of the core particle and energy transport. Control of impurity influx and heating of the core plasma in the presence of the ITB have been achieved with the addition of central ICRF power in both Ohmic H-mode and ICRF induced ITBs. The radial location of the particle transport is dependent on the toroidal magnetic field but not on the location of the ICRF resonance. A narrow region of decreased electron thermal transport, as determined by sawtooth heat pulse analysis, is found in these plasmas as well. Transport analysis indicates that reduction of the particle diffusivity in the barrier region allows the neoclassical pinch to drive the density and impurity accumulation in the plasma center. Examination of the gyrokinetic stability at the trigger time for the ITB suggests that the density and temperature profiles are inherently stable to ion temperature gradient (ITG) and trapped electron (TEM) modes in the core inside of the ITB location.
I. Introduction
Transport barriers, both edge and internal, have been widely reported in most major magnetic plasma experiments worldwide. Wolf 1 has provided a comprehensive review of the experimental results and current understanding of these phenomena. Most experiments have achieved internal transport barriers (ITBs) by adding auxiliary heating 2, 3, 4, 5, 6 beyond some threshold value resulting in distinct changes in the heat, momentum, or particle transport from one region of the plasma to another. It has also been demonstrated that reversal of magnetic shear by use of current modification by lower hybrid current drive 7 or electron cyclotron current drive 8 encourages ITB development. These are thought to occur when the effects of pressure profile gradient driven instabilities are reduced by the introduction of rotational shear into the unstable region or by providing a region of reversed magnetic shear 9 .
Internal transport barriers are achieved routinely under specific conditions in the Alcator C-Mod plasmas. 10, 11, 12, 13 While several different criteria are often used to define an ITB, the most general definition maintains that an ITB exists in the plasma when there is a clear change in the plasma transport at an internal boundary in some quantity such as energy, particles, or momentum 14 . Steady state ITBs (lasting at least 10 energy confinement times) arise during EDA H-mode plasmas when either the H-mode is produced in an Ohmic plasma or when ICRF heating is applied well off axis, typically with the resonance location being at or greater than r/a=0.5 on either the low or high field side of the plasma. The H-mode edge transport barrier is maintained throughout so that double transport barriers exist for these ITB plasmas. The presence of the barrier is most obvious from the electron density profile where a sharp break in the slope of the profile is seen in the vicinity of the half radius of the plasma. While a similar change in the slope is not observed in the electron temperature profile (the ion temperature profile is not measured routinely) , transport calculations indicate that the effective heat flux from the core of the plasma is reduced significantly, reaching neoclassical levels, once the barrier in the density profile has been established. In addition, a narrow region of decreased electron heat transport as determined from analysis of the heat pulse following a sawtooth crash is observed at or near the location of the break in the density profile 12 . ITBs in Alcator C-Mod are often accompanied by a reduction and sometimes reversal of the central rotation velocity determined by Doppler shifts of the argon impurity line radiation 10, 13, 15 . It should be noted that most of the discharges discussed here are sawtoothing throughout the ITB presence indicating that the q profile increases monotonically and that the magnetic shear is positive in the ITB region.
Alcator C-Mod 16 is a compact (major radius=0.67 m, minor radius=0.22 m), high field tokamak (toroidal field up to 8T, plasma current up to 1.6 MA) which is routinely operated at very high density (0.8 x 10 20 to 1 x 10 21 /m 3 ). At this time, the only source of auxiliary heating is from ICRF, with up to 6 MW available power. Typical operation uses ICRF hydrogen minority heating (deuterium majority) with balanced phasing which provides no particle or momentum sources to the plasma. The experiments discussed here used the ICRF configured with two frequencies: 80 MHz divided between two two-strap antennas and 70 MHz using one four-strap antenna. Thus the Alcator C-Mod plasma provides an ideal proxy for reactor like conditions: T i =T e in thermal equilibration, at high magnetic field and density, with zero applied torque.
Results from recent experiments in producing the ITB and controlling its location and the particle accumulation will be described here.
II. Production of ITBs in Alcator C-Mod
ITBs which last ten or more confinement times arise in Alcator C-Mod when the plasma conditions are conducive to spontaneous peaking of the central density . This occurs commonly in H-mode plasmas which exhibit enhanced D α (EDA) emission from the edge which have been formed when ICRF power is injected into the plasma with the resonance location placed off-axis, on either the low or high field side of the plasma. The best results are obtained with the resonance position located at or slightly greater than r/a=0.5. An example of this is shown in Similar behavior arises when an EDA H-mode is established in a purely Ohmic plasma.
In Fig. 2 , once again the central density begins to rise steadily shortly after the onset of H-mode, and like the previous case, the particle accumulation can be clamped with addition of a small amount of central ICRF power.
Analysis of the transport parameters using the TRANSP code 17 for these plasmas shows that the central heat conductivity, χ eff , becomes very low after the onset of the ITB, reaching the neoclassical value at and to the inside of the transport barrier location. (χ eff is used here because T e ≅ T i in these plasmas and it is difficult to separate the electron and ion heat conductivities.) This is true for both the spontaneous ITBs in Ohmic EDA H-mode plasmas ( Fig. 3.a) as and the off-axis ICRF generated ITBs (Fig 3.b) . The bootstrap current, shown in Fig. 4 .a, inside of the barrier region increases by as much as 10 times as the ITB develops in these plasma, achieving a local value of 10-12% of the Ohmically induced current. Again, the bootstrap current achieved in these ITB plasmas is the same for both Ohmic EDA H-mode plasma (Fig. 4 .b) and off-axis ICRF generated ITBs.
The calculated (TRANSP with the TORIC 16 rf code) net power density distribution (input power minus radiated power) for these ITB plasmas is shown in Fig. 5 . As expected, when off-axis ICRF heating is applied at r/a=0.5, the power density profile is markedly hollow.
It is also the case that the power density profile is hollow and peaked off-axis during Ohmic EDA H-mode ITBs as well. Because the plasma continues to exhibit sawtooth activity throughout the ITB phase, the safety factor q is maintained near to and slightly below 1 in the plasma core and the plasma current is flattened at the center while the toroidal voltage profile increases with radius. The resulting power density profiles and χ eff in both cases are quite similar. It is also shown in this figure that once central ICRF power is added in both cases, the power density becomes peaked on axis.
One result of reducing the central power in the plasma is that the sawtooth oscillations have smaller amplitude than in cases with peaked power density on axis. The electron temperatures at several core radii for two discharges are compared in Fig. 6 . These shots were taken on the same day with the same magnetic field, plasma current, target density, and total rf power. In the first case, the rf power was at 70 MHz so that the rf resonance was off axis on the high field side, and an ITB developed. For the second shot, the rf power was at 80 MHz which was resonant at the plasma center, and no ITB formed. These smaller sawteeth are less perturbative to the temperature and density profiles, and in particular to the gradients of these profiles. The electron temperature in particular becomes quite peaked inside the inversion radius as the as the sawtooth progresses when the plasma is heated on axis, but has no significant change in gradient when the power is applied off-axis. This can be seen clearly when the profiles are compared in Fig. 7 for the two discharges described in Fig. 6 . The steepening of the temperature profile with the application of central power likely contributes to the development of unstable pressure gradient driven modes in the plasma.
Both linear and non-linear modeling of the gyrokinetic stability of the off-axis heated ITB plasma using the GS2 code 19 has demonstrated that there are no strongly growing gradient driven, long wavelength, micro-instabilities at the location of the ITB at the time of the ITB onset, 20 when the density profile is still relatively flat and characteristic of H-mode. Even in the central core of the plasma turbulence is predicted to be minimal. Essentially, the profile conditions are such that the plasma is stable to long wavelength drift modes: ion temperature gradient modes as well as trapped electron mode instabilities at the barrier location. Redi et al. 20 have shown in their analysis of the sensitivity of the stability of the barrier and core regions of the plasma at the time of ITB onset that the growth rates are significantly more affected by steepening of the temperature profile than by flattening of the density profile. In short, the plasma density profile is far from marginal stability while the temperature profile is quite close to its critical gradient.
III. Control of the ITB Location
An essential element of controlling the location of the ITB is to determine when an ITB has formed and where it is located in the plasma. The profiles of density and/or temperature typically show a break in the slope where it can be inferred that the transport is different on either side of this position or ITB "foot". Quantifying this information in a consistent manner that can be applied to a large data set is challenging, particularly for plasmas profiles where the change of slope is more gradual. 
IV. Control of the Core Transport and Particle Accumulation
Typically, during the ITB phase of an Alcator C-Mod discharge, the particle and impurity influx is continuous until either the current is brought down to end the discharge or the radiation level increases to the point where the plasma undergoes a back transition to L-mode. It was demonstrated previously that this continued particle accumulation in the plasma core could be halted by the application of a small amount of central ICRF heating while preserving the ITB profile.
12,13
The effect of incrementally adding central ICRF power to an established ITB plasma was explored using Ohmic EDA H-mode plasmas. A reproducible target ITB was formed after setting up an EDA H-mode in an Ohmic plasma and then increasing amounts of ICRF power were added over a series of discharges. The results are shown in Fig.10 . The lowest amount of power, 0.2 MW, had no effect on the ITB either to impede the particle influx or to modify the profiles. Increasing the power beyond that halted further rise in the central density, with higher powers clamping the central density at progressively lower values. This demonstrated that a desired level of density could be effectively selected by choosing a value for the incremental central ICRF power. The ITB profile was not disturbed by this additional power, and an added benefit was seen in a modest increase in the central ion temperature.
Further addition of central ICRF at or above 1 MW leads to the destruction of the ITB profile. As can be seen in Fig. 11 , which shows a series of off-axis ICRF generated ITB plasmas, the central density peaking is clamped by adding up to 0.6 MW of central ICRF.
Increasing the central power beyond this level causes the peaking to be lost, and the higher the power the more rapid the degradation. It is also evident from the surface and contour plot of ρ Ernst et al. 23 have used gyrokinetic stability code calculations (GS2) to investigate the mechanism for the additional central power to clamp the further density rise. They have identified increased instability of the trapped electron mode (TEM) driven by steepening temperature gradients as the likely mechanism.
V. Discussion
ITBs can be readily produced in EDA H-mode plasmas on Alcator C-Mod by keeping the input power density peaked off-axis. This can be accomplished by using off-axis ICRF power injection, and it occurs naturally in Ohmic EDA plasmas. Gyrokinetic stability modeling has demonstrated that the pressure profile on Alcator C-Mod is stable to gradient driven long wavelength modes at the time of the ITB onset, and that the electron temperature profile is very close to marginal stability. Coupled with the observation that the application of central heating power enhances the amplitude of sawtooth oscillations, this suggests that the steeper temperature gradients seen in strongly sawtoothing plasmas may prevent the formation of ITBs when power is applied centrally. The steeper temperature profiles are also likely to play a role in controlling the central density rise with small amounts of ICRF power as well.
The position of the ITB foot can be moved outward by lowering the applied toroidal magnetic field. When the ICRF resonance is at r/a = 0.5 on the low field side of the plasma (i. e.
at higher toroidal magnetic field), the foot position is significantly to the inside of the resonance layer. This position can be determined from the gradient of the density profile, which happens to correspond to the same location determined from calculating the dimensionless parameter ρ Future experiments are planned to study ITBs by controlling the plasma current and qprofile through the use of lower hybrid current drive. In addition, it will be attempted to increase the size of the ITB by operating at even lower applied toroidal field and using a lower ICRF frequency, 50 MHz, for off-axis ICRF heating. Gyrokinetic stability modeling of the experimental results will continue in the hopes of yielding further understanding of the physical mechanisms underlying these behaviors. Central RF Power Added Figure 12 
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